pathway. We therefore explored the possibility that this 1993; Leng et al., 1995). p53-responsive elements have pathway is responsible for mdm2 induction. We report been identified in the intronic promoter of the mdm2 that the mdm2 promoter is indeed a target of the Ras/ gene, and interaction of p53 with these sites has been Raf/MEK/MAP kinase pathway. Hence, activation of Ras well documented (Juven et al., 1993; Barak et al., 1994;  during normal cell signaling or through mutation in neoZauberman et al., 1995). Induction of mdm2 transcripplastic transformation, can suppress p53 and thus facilition by p53 establishes a negative feedback loop, in tate cell proliferation and survival. which p53 itself initiates its own destruction (Picksley and Lane, 1993) . 
Results

Since Ras is downstream of all these mitogens, we
The murine mdm2 gene has two promoters, an internal promoter (P2), which responds directly to p53 activation, tested whether the Ras pathway is responsible for mdm2 induction. NIH-3T3 cells expressing an activated and an upstream constitutive promoter (P1), which is not affected by p53 (Barak et al., 1994). The cDNA riboprobe Ras allele, H-Ras (G12V), were analyzed for mdm2 mRNA and protein expression. Figure 1A shows that used for RNase protection assay spans exon 1, exon 2, and part of exon 3 ( Figure 1D ), allowing discrimination expression of constitutively active Ras resulted in increased levels of mdm2 mRNA and protein.
between P1 and P2 transcripts. Transcription from the P2 promoter was dramatically induced in response to Ras targets several distinct downstream effectors, of which the best characterized are Raf kinase, PI3-kinase, activation of the Raf kinase, whereas a more moderate induction occurred with transcription from P1 ( To determine the role of Raf activation on basal mdm2 transcription, the effect of a constitutively activated form sulted in remarkable MAPK activation and accumulation of high levels of mdm2 mRNA and protein ( Figure 1B) .
of Raf (Raf-CAAX) on mdm2 promoter activity was examined in p53-deficient 10(1) cells (Stokoe et al., 1994) . To rule out any contribution of p53 to the increased Mdm2 levels after Raf activation, we assessed Mdm2
Raf-CAAX expression induced mdm2 P2 promoter activity 5-to 6-fold ( Figure 2B ). Sequence analysis of the expression in p53 Ϫ/Ϫ mouse embryo fibroblasts (MEFs) stably expressing EGFP-⌬Raf1:ER (Woods et al., 1997). mdm2 P2 promoter revealed the existence of binding sites for transcription factors of the AP-1 and Ets family Figure 1C shows increased transcription and accumulation of Mdm2 protein in response to Raf/MEK/MAPK (Figure 2A) , which have been shown to be responsive to ERK activation in other genes. To determine the reactivation occurred also in p53 Ϫ/Ϫ fibroblasts. In a time course experiment using NIH3T3(⌬B-Raf:ER*) cells, elegion of the mdm2 P2 promoter required for regulation by Raf, several mdm2 P2 5Ј promoter deletions were vated mdm2 mRNA levels can be detected as early as 4 hr after Raf activation and increase steadily (data not generated and transfected in the presence of Raf-CAAX into 10(1) cells. Figure 2B shows that the upstream Ets shown). Thus, the Ras/Raf/MEK/MAP kinase pathway induces increased expression of mdm2 mRNA and site within the P2 promoter (designated EtsA in Figure  2B ) of the mdm2 gene is important for the Raf-induced Mdm2 protein in a p53-independent manner. transcriptional activation in a transient assay. To assess mdm2 AP-1 and Ets sites were capable of binding the respective transcription factors, nuclear extracts were the importance of the more downstream Ets (designated EtsB) and AP-1 sites in the mdm2 P2 promoter in reprepared from NIH-3T3 cells expressing ⌬B-Raf:ER* at various times after stimulation with 10 nM 4-HT. The sponse to activated Raf, single point mutations were introduced into the full-length mdm2 P2 promoter conmdm2 AP-1 site in probe GS1 bound a complex in NIH-3T3 nuclear extracts, the formation of which was instruct L1 by site-directed mutagenesis. All promoter constructs that contain mutations in one of the Ets sites creased strongly after activation of Raf ( Figure 3A ). This complex was competed by 50-fold molar excess cold or the AP-1 site are nonresponsive to activated Raf anymore ( Figure 2C ). Furthermore, combinations of mutacognate competitor oligonucleotide or unlabeled GS1 probe but not by mutant AP-1 sequences or unlabeled tions of the Ets and AP-1 sites led to a significant decrease of basal mdm2 P2 promoter activity ( Figure 2C ). probe GS2 ( Figure 3A ). When the labeled upstream mdm2 Ets site (EtsA) was used as probe in electrophoTo exclude the occurrence of potential nonspecific mutations during the generation of these constructs and retic mobility shift assays, formation of a complex could be detected, whose intensity remained unchanged after to address whether the Raf kinase and p53 responsive elements are distinguishable, p53 was cotransfected Raf activation. These studies demonstrate that transcription factors bind to the AP-1 and Ets elements in with the mutated P2 promoter constructs in parallel experiments. All mutated mdm2 promoter constructs the mdm2 promoter. fer radioresistance in human tumor cells, we performed clonal survival assays with the human colon cancer cell Next, we wished to investigate the activity of the induced p53 in response to irradiation. We examined p53 line HCT116 (wild-type p53, mutant Ras) and its derivative Hke-3, in which the mutant Ras has been deleted activity after ␥-irradiation in NIH-3T3 Ras cells using a luciferase assay. For this purpose, we transfected a by homologous recombination (Shirasawa et al., 1993) . Figure 5 shows Hke-3 express less Mdm2 protein and synthetic p53 luciferase reporter construct into NIH-3T3 and Ras-transformed NIH-3T3 cells. Twenty-four hours more p53 than HCT116 cells, consistent with a role for Ras in this pathway. p53 accumulated to significantly after transfection, cells were irradiated at a dosage of 3 Gy and luciferase activity was determined at the indihigher levels in Hke3 cells after ␥-irradiation, presumably because of lower levels of Mdm2 ( Figure 5D ), and radiocated time points. Figure 5B Taken together, these results provide strong evidence that activated H-Ras leads to increased basal Mdm2 protein expression, which is capable of attenuating p53 induction upon ␥-irradiation and renders cells more resistant to the inhibitory effects of irradiation. 
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